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1. Field of the Invention 

The invention relates generally to the field of t, 
invention relates to electrophoresis of macromolijculles 
mq)lementation of the invention relates to improving th( 
electrophoresis. 



2. Discussion of the Related Art 

Electrophoresis refers to the naigration of charge 1 
suspended, in an electrolyte through which an electri j^ 
toward die negatively charged electrode (cathode) 
positively charged electrode (anode). Neutral solutes 
Conventionally, electrophoresis has been performed on 
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A molecular ratchet is a device for rectification of fhe molecular (nanometer-scaled) 
effects of either an extemal field or thermal motion. A nanometer-scaled version of a 
conventional ratchet and pawl has been used for demonstration of the molecular level 
consequences of the second law of thermodynamics. One consequence is that rectification of 
thermal motion is possible only if either a temperature gradient exists or an external source of 
energy is used In biological systems (isothermal), an ©eternal source of energy (ATP, for 
example) must be used for rectification of thermal motion. *Tliennal ratchef * is the name 
given to a device that produces rectification of thermal motion. Driving biological motors 
with a thermal ratchet is an idea embedded in pre-molecular biolog^r literature. This type of 
idea has been more e7q>licitly proposed for the contraction of muscle, the packaging of 
bacteriophage DNA, motion along microtubles, processive motion of RNA polymerase along 
a DNA molecule and the secretion of protein molecule. A ratohet that is part of a 
maax>molecular motor may be called a motor-ratchet 

Pulsed electrical fields were originally used during gel electrophoresis to increase the 
resolution of double-stranded DNA molecules much longer than the single-stranded DNA 
molecules used for DNA sequencing ladders. These procedures of PFGE (Pulsed field gel 
electrophoresis) were based on matching the pulse durations to the relaxation times of either 
the fiactionated DNA molecules or the siq>porting matrix. This type of PFGE may be called 
relaxation-based PFGE. The results of relaxation-based PFGE witii DNA sequencing ladders 
have generally^ not been good enough to justify adoption of relaxation-based PFGE for current 
methods of large-scale DNA sequencmg. These earlier procedures of PFGE did not involve 
increasing the lengdi of the effective path of electrophoresis. They also did not involve error- 
flaggmg. 

A current limitation of large-scale DNA sequencing is the speed and accuracy of 
assembling and closing sequences. Reading of longer nucleotide sequences is needed to 
simplify both assembling-closing of sequences in general and enror-firee assembly of repeated 
sequences in particular* A second limitation is lhat errors sometimes occur during the reading 
of nucleotide sequences. The primary cause of these errors is compression of the resolution 
of some types of DNA sequencing fi:agments, ofbm, G-C-rich. Errors in nucleotide sequence 
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can thwart establishing of accurate genotype-phenotype correlation. Establishing this 
correlation is a major objective of genomics. 

The resolution of c^illaiy electrophoresis is the factor that limits the readable length 
of DNA sequencing ladders during csqpillary DNA sequencing. Numerous attempts have been 
made to inqnrove this resolutiozL However, past efiforts have fhe following limitations: (1) 
they usually requires laboratory reagents-techniques-expertise that are not easy to transfer to 
other laboratories; (2) no systematic strategy is being used for progressively inq>roving the 
resolution. Conventional technologies do not circumvent fundam^tal physical effects that 
cause reduced peak spadngs and increased peak widths; and (3) none of the current work 
addresses the problem of errors in reading nucleotide sequence. 

The gel electrophoretic fiactionation of nucleic adds has also been plagued by the 
following problenu as the length of a molecule increases, eventually DNA lengfh-d^endent 
band separation is lost During gel electrophoresis, the separation of bands formed by the 
longest DNA molecules is conipressed. 

Shortcomings mmtioned above are not intended to be exhaustive. Rather, they show 
that although conventional techniques have demonstrated at least a degree of utility, room for 
significant inq)rovement remains. In particular, it would be advantageous to have improved 
electrophoresis techniques. 

SUMMARY OF THE INVENTION 

There is a need for the following embodiments. However, the invmtion is not limited 
to these embodiments. 

According to an aspect of the invention, a method of creating an electrical field- 
rectifying firactionation-ratchet includes obtaining a fi:actionated particle that has an 
electrophoretic mobility that varies when an electric field varies, applying a pulsed electrical 
field to the fractionated particle, and varying a plurality of pulses of the electrical field 
repeatedly. According to another aspect of tiie invention, a method includes preparative gel 
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electrophoresis that utilizes a continuous firactionation method made possible by an 
electcophoretic ratchet-generating field 

According to another aspect of the invention, a method of implementing cyclic 
electrophoresds includes analyzing a sample by constant field electrophoresis and enhancing 
the sample by an electrophoretic ratchet A method of exror checking during cyclic 
electrophoresis includes analyzing a sample by constant field electrophoresis^ checking for 
errors in the sample, and enhancing the sample by an electrophoretic ratchet if a probability of 
an OTor is detected. A method of creating a functional field-rectifying firactionation-ratchet, 
including obtaining a firactionated particle tliat has an electrophoretic mobility that varies 
when a field varies; flying a pulsed field to the firactionated particle; and varying a plurality 
of pulses of the field repeatedly. 

These, and other, embodiments of ftie invention will be better appreciated and 
understood when considered in conjunction with the following description and the 
accompanying drawings. It should be understood, however, that the following description, 
while indicating various embodiments of the invention and numerous specific details thereof 
is given by way of illustraticm and not of limitation. Many substitutions, modifications, 
additions and/or rearrangements may be made within the scope of the invention without 
departing fix>m the spirit thereof and the invention includes all such substitutions, 
modifications, additions and/or rearrangements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The drawings accompanying and forming part of this specification are included to 
depict certain aspects of the invention. A clearer conception of the invention, and of the 
components and operation of systems provided witii the invention, will become more readily 
apparent by referring to the exen^lary, and therefore nonlimdting, embodiments illustrated in 
the drawings, wherein like reference ntnnerals (if they occur in more tiian one view) designate 
the same elements. The invention may be better understood by reference to one or more of 
these drawings in combination with the description presented herein. It should be noted that 
the features illustrated in the drawings are not necessarily drawn to scale. 



250808823 



5 



HG. 1 illustrates cyclic electrophoresis in a cq3illaxy. The sample is a four-color 
DNA sequencing ladder. The following are shown: (a) the middle of the first analysis-stage, 
(b) the end of the fiurst analysis-stage, (c) the first enhancement-stage, (d) the second analysis- 
stage. The *T)" indicates a detector. The "O" indicates origms. An arrowhead indicates 
DNA sequencing firagments that have left a capillary after being analyzed The arrow 
indicates the direction of electrophoresis during an analysis-stage. 

FIG. 2 illustrates ratchet-based inverted fiactionation for an enhancement-stage, (a) 
During ^plication of Eh, a DNA ladder (four bands = i-iv) is poorly resolved as it migrates 
away firom the origin (O). (b) The ladder is resolved when El is applied in a direction 
opposite to the direction of Eh. When viewed from the origin, the longest DNA (iv) has 
migrated fiirther than the shortest DNA (i). (c) The two pulses are adjusted so that the 
shortest DNA is near the origin. 

FIG. 3 illustrates use of software for programming a window of 23FE (zax)-integrated 
field electrophoresis). The various ftmctions are described in the text 

FIG. 4 illustrates programuGdng a ZIFE with embedded pulses. A higji fi:equency 
sawtooth is siq>^imposed on Eh. Pulses for FIGE (field inversion gel electrophoresis) replace 
El. 

FIG. Sa-Sd illustrate a reptation-based firactionation-ratchet for DNA molecules, 
(a) Electrical field pulses for long-pulse ZIFE are shown, (b) An illustration is shown of 
band-forming DNA firagments during the DNA length-resolution of a resolving Er-pulse (lane 
ii) that follows a non resolving En-pulse (lane i). (c) The profile of DNA bands is shown for a 
two-dimensional gel electrophoresis in which a constant E was used in the first dimension 
(arrow I) and long-pulse ZIFE was used m the second dimension (arrow II). (d) A strategy for 
continuous preparative fi»ctionation is demonstrated. A banier-gel is placed at both flie El- 
and the En-ends of the gel used for firactionation during long-pulse ZIFE. 

FIG 6a-6b illustrate a trapping-based firactionation-ratchet for DNA-protein 
complies, (a) The profile of bands is shown for T7 DNA-capsid complexes that migrate in 
the EL-direction (C-DNA in the figure) while band-forming capsid-free DNA molecules 
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(DNA in the figure) migrate in the EH-diiection, during long-pulse ZIFE. (b) The trying of a 
single DNA-capsid complex is showiL 

FIG. 7a-7b illustrate single-partLcle fluorescCTice miax>scopy of the trapping of 
ethidium-stained T7 DNA-cs^sid complexes, (a) A spatial field of DNA-cs^sid complexes is 
shown while tilie electrical field is zero, (b) The spatial field in (a) is shown after introducing 
an electrical field of 4 V/cm. The direction of the electrostatic force on the DNA molecules is 
indicated by an arrow. 

ECG. 8a-8e illustrate the effect of removing an electrical field that has tr^ped spheres. 
Latex spheres 240 nm in radius (Polysciences, Warington, PA) were tr^^ped in a 0.2% 
agarose gel by use of E=3 V/cm. The buffer was 0.02S M sodium phosphate, pH 7.4, 0.001 M 
MgjCh, 0.1% Triton X-100. The direction of Ihe electrostatic force during trs^ing is 
indicated by an arrow, (a) Phase contrast light micFosc(q>y was used to image a spatial field of 
txapped spheres. (b)-(d) Phase contrast lig}it microscopy was used to image the same spatial 
field after reducing the electrical field to zero. The times after reducing the electrical field to 0 
were 0.2, 0.4, and 0.8 seconds, respectively. Differences in the ^^earance of spheres are 
caused by differences in focus. A line indicates a fixed point in space for the best-focused 
spheres, (e) The average values of AX (field-parallel) and AY (field-perpendicular) are plotted 
as a fimction of time both during and after trapping. An electrical field of 3 V/cm was applied 
at the time indicated by 3 V/cm ia the figure. This electrical field was reduced to 0 at the time 
indicated by 0 V/cm in the figure. The average value of both AX (solid line) and AY (dashed 
line) is plotted as a function of time. The average included a minimum of ISO measurements 
on randomly selected particles. 

FIG. 9 illustrates a ratchet-based procedure for continuous preparative firactionation 
with multiple firactions. Portions of a single sample are repeatedly loaded in a sanq>le well in 
the middle of a circular gel (the sample well is labeled S ia the figure). After the first portion 
is loaded, ratchet-based electrophoresis is performed by serially repeating two pulses: Eh, for 
a time, 1«, and, then. El for a time, tu in directions indicated in the figure. If Eh*^ =EL*tL, 
then a particle will migrate vertically, if p.H=HL(i-e., <p=0). A particle will migrate between the 
fiL-direction and vertical, if the magnitude of is less than the magnitude of jxl. This 
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condition sometimes occurs because of eitiier complete or incomplete trapping. The particle 
will migrate in the jiL-direction in the case of complete trapping in a time short compared with 
the times of pulses. A particle will migrate in a direction between vertical and the Er- 
direction if the magnitude of |i increases as the magnitude of E increases. This condition 
occurs when DNA molecules reptate. Thus, the direction of net migration (dashed line) is 
determined by jih/^l. Particles of each type from all portions loaded (the portions were 
loaded at different times) accumulate at a unique location in the barrier gel, assuming that 
both the temperature and E values have been accurately reproduced throughout the 
fractionation. 

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

The invention and its various features and advantages are explained more frilly with 
reference to the nonlimiting embodiments that are illustrated in the accompanying drawing 
and detailed in the following description. It should be understood tibiat the detailed description 
and the specific examples, while indicating preferred embodiments of tiie invention;, are given 
by way of illustration only and not by way of limitation. Various substitutions, modifications, 
additions and/or rearrangements within the spirit and/or scope of the underlying inventive 
concqpt will become apparent to those skilled in the art from litis detailed description. 

The context of the invention can include increased length resolution of 
macromolecules, such as polymers, through the electrophoretic process. 

The invention can be included in a kit The kit can include some, or all, of the 
components that compose the invention* The kit can be an in-the>fi[eld retrofit kit to improve 
existing systems that are capable of incorporating the invention. The kit can include software, 
firmware and/or hardware for carrying out the invention. The kit can also contain instructions 
for practicing the invention. Unless otherwise specified, the components, software, firmware, 
hardware and/or instmctions of the kit can be the same as those used in the invention. 

The terms a or an, as used herdn, are defined as one or more than one. The teran 
another, as used herein, is defined as at least a second or more. The terms including and/or 
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having, as used herein, are defined as comprising (i.e., open language). The term 
approximately, as used herein, is defined as at least close to a given value (e.g., preferably 
within 10% of, more preferably within 1% of; and most preferably within 0.1% of). The temi 
substantially, as used herein, is defined as at least approaching a given state (e.g., preferably 
within 10% o^ more preferably within 1% o^ and most preferably within 0.1% of). The term 
program or phrase computer program, as used herein, is defined as a sequence of instructions 
designed for execution on a computer system. A program, or computer program, may include 
a subroutine, a fimction, a procedure, an object mefliod, an object implementation, an 
executable application, an applet, a servlet, a source code, an object code, a shared 
library/dynamic load library and/or oth^ sequence of instructions designed for execution on a 
computer system. 

Electrophoretic ratchets may be used for both analytical and preparative 
electrophoresis. Ratchets, according to embodiments of this disclosure, use a new ^e of 
pulsed field. The quality of firactionations using techniques described herein meets the usual 
standards for biochemistry-based electrophoresis. Supporting media suitable for the 
techniques here include, but are not limited to, an agarose gel or a capillary-contained 
polymer solution. The electrophoretic ratchets of this disclosure are effective with a particle 
tiiat has an electrophoretic mobility (^ - velocity/electrical field) that varies as the electrical 
field vaii^ Such a ratchet developed for DNA molecules is effective, in part, because p. 
increases in magnitude as the electrical field increases in magnitude. Ratchets developed for 
both DNA-protein conq>l6xes and spheres are effective because of the opposite dq;i6ndence of 
fi on electrical field. According to different embodiments, zatchet-based gel electrophoresis 
can be performed in a continuous, preparative mode. 

The ratchet-based capillary electrophoresis of this disclosure provides a necessary 
component for cyclic capillary electrophoresis, which is a procedure for analyzing a DNA 
profile in several segments which are separated by electrophor^c enhancements of the DNA 
profile. Cyclic capillary electrophoresis may be used for inoeasing both the length and the 
accuracy of the anialysis of a DNA sequencing ladder. 
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Theoretical studies of thermal ratchets usually discuss the use of ratchets for 
fractionating macromolecules. This type of ratchet may be called a firactionation-ratchet. 
Thermal fractionation-ratchets have, jqiparently, not yet produced results that meet the current 
biochemic^ standards for function. However, electrical field (E)-rectifying fractionation- 
ratchets have met these standards, and exemplify the particular embodiment of the invention 
discussed here; alternate CTibodiments of the invention may use fields other than electrical 
fields. Even though fliese functional, electrical field-rectifying fiactionation-ratchets do not 
rectify theimal motion, some of them do depend on thermal motion* 

The electrical field used for an electrical field-rectifying ratchet includes fields that 
include pulses that reverse polarity and change magnitude. The simplest type of ratchet- 
producing pulsed field starts with a square pulse comparatively high in magnitude (Eb) that 
lasts for a time, tn- This high field pulse is followed by a pulse of both lower magnitude (Bl) 
and longer time, tL. These two pulses may be serially r^eated (FIG- 5a). When the time 
integral of E is zero, the procedure may be called zero-integrated field electrophoresis, or 
ZIFE(EH-tH=ELtL). 

To have die ratchet woric most simply, the following assumption must be accurate: the 
particles being fractionated have an instantaneous response to changes in E. If pulse times are 
long in couDtparison to relaxation times of eitiier the fractionated particle or the fractionating 
matrix, then this assumption is accurate. In this case, the procedure is called long-pulse ZIFE. 
Relaxation effects have been exploited during previous studies performed by use of shorter 
pulses during ZIFE. 

Use of long-pulse ZIFE to produce a firactionation-ratchet involves a fractionated 
particle having an electipphoretic mobility (p. — electrophoretic velo<aty/B) that varies when E 
varies. Otherwise, all particles wiU remain at the origin after lon^g-pulse ZIFE. la the case of 
square wave ZIFE pulses, is the \i at Eh; V-l is fi at El- In contrast, the concept of |x was 
originally introduced because most particles have a \i independent of E, in most conditions. 
The means by which ji is made E-dependent are discussed in subsequent sections. The 
presence of an E-dependent ji means, in most cases, that a particle will undergo net motion 
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during long-pulse ZIFE. This net motion is the result of rectification (i.a, ratchet-like 
behavior), because the time integral of £ is zero. 

One procedure of relaxation-based PFCtB is performed by keq>ing the magnitude of E 
constant while periodically reversing the direction of R The net motion is in the forward 
direction because the time of the forward-directed E is longer than the time of the reverse- 
directed E. This procedure of PFGE is called field inversion gel electrophoresis, or FIGB. 
The FIGS technique is popular because FIGE is comparatively inexpensive and do^ not 
require great technical expertise. 

The resolution of FIGE can be made surprisingly high by (1) making the forward 
pulse time only sHghtly different fiom the reverse pulse time, and (2) tuning tlie pulse time 
v^ carefully* Less than 0.5% difference in DNA length can be resolved for double-stranded 
DNA molecules approximately 40 kilobase jpairs in length. 

The (X of DNA molecules is E-depend^t, based on direct measurement of fi during gel 
electrophoresis. Without bemg bound by theory, the magnitude of fx is believed to increase as 
the ma^tude of E increases because DNA molecules undergo E-dependent elongation and 
end-first migration, a process called biased reptation. Biased rqptation causes a progressive 
loss of DNA length-resolution as both the length of a DNA molecule and the magnitude of E 
increase. Furtfaennore, the longer a DNA molecule is, the greater the effect of Eon }x is. This 
latter phenomenon explains the loss of DNA length resolution as the magnitude of E 
increases. These observations, along witii insights fix>m the inventors, lead to the following 
results concerning long-pulse ZIFE. (a) All DNA molecules will undergo net migration in the 
EH-dhection; (b) The longer a DNA is, the further will be its net niigration in the En-direction. 
In other words, the DNA fiactionation will be inverted in comparison to a conventional 
constant field firactionation (to be called an inverted fractionation). The reason for inverted 
firactionation is illustrated by assuming that ahnost all DNA-length resolution is lost at Eh. In 
this case, most resolution occurs during the Et-pulse in the reverse direction, as shown in 
FIGS. 2b, 2c, and Sb. 

Enipiricalty, inverted firactionation of double-stranded DNA molecules has been 
shown to occur. This has been shown most directly by use of a two-dimensional agarose gel 
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electrophoresis: (a) a constant field is used in the first dimraision, and (b) long-pulse ZIFE is 
used in the second dimensioiL FIG. 5c illustrates the result of this two-dimaifflonal 
electrophoresis: distance migrated in the constant field dimension decreases as DNA length 
increases. This is the typical fractionation. Distance migrated in the long-pulse ZIFE 
5 dimension decreases as DNA length decreases. This is an inverted firactionation. Again, this 
inverted fiactionation is predicted, at least in part, based on the E-dependence of the DNA 
Iffligth-dependence of ji. Enq)iiicaUy, the quaUty of the DNA bands fonned is even better 
fiian that of bands fi)imed during constant field electrophoresis. 

In the case of some DNA-protein complexes, the magnitude of p, decreases as the 
10 magnitude of E increases, in contrast to the pattern for protein-firee DNA molecules. Without 
bemg bound by theory, the presumed reason is that rq>tating DNA can enter pores that are 
smaller than the combined radius of both the DNA and its bound protem. The DNA-protem 
conq)lex is tr^ped (ji = 0) in these pores if the electrical field is strong enough to prevent 
reverse fliCTmal motion out of a pore. Wifliout the bound protein, the DNA molecule would 
15 notbetr^ed. Without the bound DNA molecule, much higher fields would be needed to 
trap file protein. The ptotdn might be eifiier a single molecule or a multiniolecularconqjiex. 

The following is a bacteriophage T7-derived double-stranded DNA-piotdn con^lex 
that has been electrophoretically trq)ped in a gel: the 39,937 base pair T7 DNA genome that 
has bound the T7 protein capsid; tiie capsid is 60.2 nm in diameter. Infective bacteriophage 
20 T7 particles consist of the T7 genome packaged in a cavity of the c^sid. To form a T7 DNA- 
c^sid complex, a DNA molecule is expelled &om its capsid. Some (but not all) escpelled 
DNA molecules remain bound to their capsid. An electrical field as small as 3 V/cm is 
sufficient to taip the T7 DNA-c^)sid con^lex in an agarose gel. 

As illustrated in FIG. 6, a long-pulse ZEPB-based istdiet causes the T7 DNA-«?)sid 
25 complex to undergo net motion in the l^-direction because the DNA-capsid coiiq>lex is 
trapped m the Eirrdirection. The long-pulse ZIFE causre the c^qpad-fiee T7 DNA molecule to 
undargo net motion in the EH-diieotion, for reasons discussed above. Bands are not 
broadened. The separation between DNA and DNA-capsid complex is large by current 
standards. Molecular modeling has mimicked the trying of a DNA-protein conq>lex. 
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Tipping of DNA-capsid complexes may be observable by fluorescence microscopy 
of single DNA-c^sid complexes, at a resolution of about 200 nm. The T7 DNA genome is 
13,580 nm long when pulled straight Previously, single etfaidium-stained DNA molecules 
have been observed by fluorescaice microscopy during gel electrophoresis. To obs^e ihe 
trapping of single T7 DNA-c^sid conq>lexes, T7 DNA-c^sid complexes were prepared for 
fluorescCTce microscopy by embedding in an 0.4% agarose gel that was contained in a 
mioiatore apparatus for horizontal electrophoresis. The DNA-cspsid complexes were 
obs^ed both before and during s^lication of an electrical potential (4 V/cm). 

The DNA-csQ>sid complexes dppeated to have a random coil-like conformation when 
not es^osed to an electrical field (PIG. 7a)* The DNA molecules stretched and migrated 
^en exposed to the electrical field Most capsid-bound DNA molecules eventually became 
trapped (FIG. 7a; FIG« 7b). When these molecules became trapped, the stretching increased. 
The site of trapping was anywhere along a DNA molecule. This observation is in agreement 
with electron naiax>scopy that reveals fb& position of the cspsid with a resolution (litnited by 
the size of the c^id) of about 60 nm. The DNA-cq)sid conqilexes were near the sur&ce of 
the gel where fh^ cleared to trip more rapidly than they did fiui^ These 
£^ipear to be the first single-particle images of this type of trying. These images also 
illustrate fhe feasibiH^ of single-particle fiuor^cence microscopy for observing the dynamics 
of single DNA-protdn complexes in general Single j^^n-stained T7 DNA-fi:ee cc^sids 
have recently been observed in solution by fluorescence microscopy. 

Most spheres fiacticmated by gel electrophoresis are not tnqpped in most conditions of 
gel electxc^horesis. Howev», three changes in electrcphoretic conditions favor trapping in 
fhe case of spheres: (a) increasing tibe ms^nitude of £, (b) increasing fhe radius, of the 
spheres and, (c) increasing fhe heterogeneity of pore size of the gel. Trapping is 
6(3q>erimentally detected eiflier by measuring tiCB) or by performing long-pulse ZIFB. 
Altemativefy, trying is observed directly by light noicroscopy during gel electrophoresis. In 
fhe case of latexj spheres vnUx R>200 nm, phase contrast light microscoi>y may be used to 
observe trapping. These comparatively large spheres axe usually completely trailed. That is 
to say, neitiier electrophoretic nor thermal motion occurs. 



250808823 



13 



In analogy vriih. the ZIFE-based fractionation-ratchet eEfective with Eir-tr^ed DNA- 
protein complexes, a similar ftactionation-ratchet is effective in causing En-trapped spheres to 
undergo net migration in the EL-direction dining long-pulse ZIFE. Biasing the ratchet in liie 
En-diiection causes the untried spheres to migrate in the En-direction, while the trapped 
spheres migrate in the Et-direction. Thus, the direction of electrophoresis can be a measure 
of the radius (R) of a sphere because trapping increases as R increases. This type of 
fractionation has beai successfid wifli spheres (bacteriophages particles, latex spheres) as 
small as 30 nm in radius. One parent factor for success with the smaller spheres is fhe use 
of a gel with a distribution of pore sizes that is broader than usual. This broader distribution 
of pore sizes may increase the monber of pores small enough to act as tr^. Spheres migrate 
tiuough tbs larger pores and are tr^qped in the snudl^ pores. The ^ of trapped spheres at Eh 
is reduced in magnitude. However, jih is not zero hi the case of tr^ped spheres with R 
between 30 nm and 50 nm. Thus, these smaller spheres are not irreversibly tr^ed by Eh. E 
values were as high as 30 V/cm. 

In contrast, trapped spheres 200 nm in radius are irreversibly trapped on this time 
scale, even when E is only 3 V/cm. The process of trapping includes motion close to the 
agarose fibers fliat form the gel. Analysis of fiber-proxhnal motion is an important 
conqwnent m understandmg of Ihe sievmg of gels. Trapped spheres, yrbsa. the trapping field 
is suddenly changed ftom 3 V/cm to 0 V/cm, recoil in a direction opposite to Ihe direction of 
the electtophoretic motion that was occurring just before the spheres were trapped. This 
phenomenon is shown m Fig. 8. The spheres are tr^ed m FIG. 8a. The trappmg field is 
made 0, after FIG. 8a. The recdling spheres are shown in FIG. 8b-8d. For each of several 
spheres, a Kne has been drawn to indicate a pomt fixed in space among the four flames (FIG. 
8ar8d). The recoil resembles the second half of a collision with the fibars that origmally 
tn^jped the spheres. 

To obtain a quantitative, statistical analysis of the recoil in FIG. 8b-8d, the following 
is plotted in FIG. 8e. (a) The latex spheres' average electrical field-parallel displacement 
(AX) in a time mterval of 0.2 seconds is aveacaged and plotted on the vertical axis, (b) The 
time after the time of reduction of flie field to zero (time = 0) is plotted on the horizontal axis. 
The start of this plot is mariced by '*E = 0" and oicon^asses the positive values of the time in 
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FIG. 8e. After reduction of the field to 0, the averaged values of AX immediately became 
negative, i.e., motion occurred in a direction opposite to the direction of the electrophoretic 
force that had trapped the spheres. The average AX value initially increased in magnitude as 
the time increased aud particles recoiled (FIG. 8e). Then, the average AX value decreased in 
5 magnitude to a value close to 0, In contrast, average displacement (AY) in tiie field- 
perpendicular direction remained constant and close to zero throughout the period of recoil 
(dashed line in FIG. 8e). 

The recoil in FIG. 8e occurred because of previous trappmg at 3 V/cnL The previous 
trapping is quantified via the AX values for the negative times in FIG. 8e. The time of 
10 introducing the electrical field is indicated by E = 3 V/cm in FIG. 8e. The average AX value 
was positive, i.e., motion occurred in tiie direction of the electrophoretic force. The average 
Q magnitude progressively decreased as time increased and particles became trapped. At least 

ki 150 displacements were used for each time in PIG. 8e. The initial trapping and the 

m 

subsequent recoil split a sphere-gel fiber collision into two segments. 

b 

IS Gel electrophoresis may not only be used for analytical fi:actionation, but may also be 

s used for preparative firactionation. Preparative fractionation is more efScient in a continuous 

fractionation mode. In this mode, a sample is repeatedly loaded at a unique location in a gel; 
fU each firaction is continuously collected at another, unique location. An electrophoretic ratchet 

p may be used to make continuous fractionation possible. The simplest example is an extension 

^ 20 of the concept of FIG. 5b. This extension is to place a barrier at both enck of a lane used to 
fractionate a sample. This barrier can be a gel (barrier-gel) with a pore size low enough so 
that the sample cannot enter the barrier-geL The sample may be repeatedly loaded in the 
same sample well. The sample may be continuously firactionated with a ratchet-generating 
pulsed field. Particles continuo\isly accumulate in two fractions: One firaction is at the barrier 
25 in the EH-dnection and the other fraction is at the barrier in the EL-direction (illustrated in 
FIG. 5d). This type of fractionation has been demonstrated in practice for intact 
bacteriophage particles. 

The preparative fractionation of FIG. 5d produces only two fractions. However, a 
continumn of fractions is possible. One non-limiting means for producing a continuum of 
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fractions is to change the angle separating tiie Eh and El pulses. This angle is n radians in 
long-pTilse ZEFE. To produce a continuum of fractions, (a) the angle separating the Eh and El 
pulses may be made less than ic radians, while (b) the magnitudes of these two pulses are kept 
unequal. The smaller angle can be achieved through totally electronic means. Alternatively, 
this angle can be achieved through rotation of a circular gel. In this latter case, the sample 
may be continuously loaded in the center of the gel. The angle ((p in FIG. 9) of the dkection 
of migfation is uniquely determined by the ratio, ^H/^L. Thus, particles continuously 
accumulate in a circular bmier-gel at a position detennined by this ratio. If hh "Hu then all 
particles will accumulate at 9 H), so that no fractionation will occur. 

Improved resolution should also be possible during electrophoresis if an analysis can 
be stopped and tiien repeated after an intervening electrophoresis that enhances the 
fractionation. To achieve this type of intervening electrophoresis, the direction of 
electrophoresis may be reversed by use of a procedure that increases the sq)aration between 
peaks. If tiie direction of a constant field electrophoresis is revCTsed witiiout changing Ihe 
magnitude of E, then tiie separation between peaks (or bands, dependmg on whether a gel or 
c£^illacy method is used) decreases. Thus, a constant E cannot be used for electrophoresis in 
the reverse direction. But, if an electtophoretic ratchet is used in the reverse dkection, the 
separation between peaks can increase. In order to increase this separation during 
electrophoresis in the reverse diiectiGn, the fractionation must be inverted. 

The DNA fractionation-ratchet described above produces an mverted fractionation. 
Thus, use of tiiis ratchet in the reverse direction results m reverse migration that increases tiie 
separation between peaks (bands) that was achieved in a previous forward, constant field 
electrophoresis. Several forward-reverse cycles can be used. The net effect is to produce a 
virtual origin of eleotirophoresis that is outside of tiie capillary. That is to say, tiie effective 
lengfli of the electrophoretic path may be increased, even though tiie physical lengfli of tiie 
c^rillaty is not increased. This increase m effective lengfli is a source of increase in 
resolution. The profile of peaks may be read during any or all of tiie stages of constant field 
dectraphoresis. 
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Jn fheoiy, no limit exists to the resolution tihat can be achieved by cyclic 
electrophoresis. Thus, resolution-limited procedures such as, but not limited to, capillary 
DNA sequencing may benefit In practice, tite resolution-enhancing capacity of qtcUc 
electrophoresis has be^ demonstrated both for agarose gel electrophoresis and for capillary 
electrophoresis in a solution of ungelled polymer. The major limitations are the following: (a) 
thus far, the total time of electrophoresis must be increased to achieve the increase in 
resolution; (b) analysis of the profile of bands (peaks) must be performed in several segments, 
and additional ejSbrt-software is needed to assemble the segments; and (c) flexibility is 
limited by the requirement to read each segment before the molecules involved migrate out of 
the separating medium. During ratchet-based cyclic capillary electrophoresis of DNA 
molecules, broadening of peaks causes surprisingly small, if any, loss of resolution. 

A strategy is described here for increasing both the resolution and the flexibility of 
capillary electrophoresis performed in a sieving medium of ungelled polymer. This strategy 
is based on analysis ibat is done in several stages of constant field electrophoresis. 
Enhancement-stages are between the analysis-stages. An enhancement-stage (1) incres^es the 
separation between peaks, while (2) moving DNA molecules slightly in the reverse direction. 
An enhancement-stage may be based on an electcpphoretic ratchet generated by a pulsed 
electrical field that can be zero-iategrated. The ratchet-generating pulses may typically be 
longer than the field pulses that have previously been used to irttprove the resolution of DNA 
molecules. No limit has been found to the resolution enhancement achievable. Apparently, 
difCiidon-induced peak broadening is inhibited and, in some cases, may be reversed by the 
ratchet. The enhancement-stages ate dependent on the electrical field-dependence of a plot of 
electrophoretic mobility as a fimction of DNA Iragth. To generate the pulsed electrical field, 
a computer-controlled system with a time resolution of 30 microseconds has been developed, 
although other systems with difiTerent time resolutions are contenq>lated by tiie techniques 
described herein. Programming is flexible enough to embed other pulses within ratchet- 
generating pulses. These other pulses may be, for example, either shorter field-inversion 
pulses or high firequency periodic oscillations previously fomid to sharpen peaks. 



Capillary electrophoresis of DNA molecules may be used for the analysis of 
genotypes. Both double- and single-stranded DNA molecules may be used. Jmproved 
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lesolution of DNA molecules benefits several plications of c^iUary electrophoresis in the 
analysis of genotypes. In the case of double-stranded DNA molecules, exemplary 
applications include (a) mutation analysis via the length polymorphism of restriction 
mdonuclease-digested DNA, (b) analysis of the number of short tandrai repeats, and (c) 
construction of hybrid-fi»e DNA libraries. In the case of smgle-stranded DNA molecules, 
«ceiiq)lary applications include bofli ino^asing the readable length of DNA sequencing 
ladders and decreasing the error fiequency of DNA sequencing* 

Cyclic electrophoresis has increased the separation of DNA peaks when used with 
ungelled polymer in a capillary, thereby increasing resolution. The data also suggest that 
cyclic capillary electrophoresis can reduce, and possibly reverse, peak broadening, also 
improving resolution. Resolution may be continuously increased imtil something other than 
resolution becomes the mq'or limitation. In tihe case of detection by the fluorescence of 
labeled DNA molecules, the intensity of fluorescence may become a limitatiou for the longer 
DNA molecules in a DNA ladder. 

In addition to progressive increase in resolution, cyclic capillary electrophoresis may 
be used to analyze the same collection of DNA molecules more than once. This latter 
capability may help in reducing OTors in the interpretation of DNA profiles. For example, G- 
C rich DNA sequencing firagments are "error prone" during DNA sequencing. A primary 
source of errors is a single-stranded DNA secondary structure that sometimes causes Q-C rich 
DNA firagments to be in the wrong position, when the assumption is made that n decreases 
smoothly in magnitude as the length of a DNA molecule increases. To probe for this type of 
error by (r/clic capillary electrophoresis, a first constant field analysis-st2^e may be followed 
by a second constant field analysis-stage of the same DNA sequencing fragments. The 
second analyds-stage may be sq>arated firom the first analysis-stage by an intervening 
enhancement-stage that probes for errors. 

Cyclic c^illary electrophoresis of DNA fragments begms with a conventional 
analysis by constant field electrophoresis (FIG. la; the sample is a four-color DNA 
sequencing ladd^). 
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Peak width ioCTeases with time during constant field cj^illaiy electrophoresis but is 
also a function of both the electrical field and the type-concentration of flie sieving matrix at 
the least. Pulsing can further complicate the understanding of peak widths dfher through 
effects on the sieving matrix (shear-induced thinning or entanglement-disruption, for 
exanq)le) or effects on the DNA molecule. The latter effects might include (1) changes in 
DNA orientation caused by induced DNA-dipole int^action with an oscillating field, and (2) 
local DNA condensation caused by condensed counterions. The possibility of the latter is 
su^ested by the observation that pulsed fields can alter intetmolecular aggregation of double- 
stranded DNA molecules. Althougji pulsed fields do not cause intermolecular aggregation of 
DNA sequencmg ladders, intramolecular condensation (i.e., globule formation) is still a 
possibiUty. The bottom Kne is that the quaHty of DNA peaks during PFCE may need to be 
detetmmed empirically, if it can not be predicted at present 

During constant field capillary electrophoresis, the most rapidly-migrating (shortest) 
DNA fiagments migrate out of the origin-distal end of tiie capillary during this first analysis- 
stage (arrowhead m FIG. la). The electrophoresis is stopped when the DNA firagments are 
not weU enough resolved for the purposes of tiie analysis (FIG. lb). 

Then, an enhancement-stage interrupts the first anal^-stage. The enhancement- 
stage causes sUght reverse migration of tiie DNA molecules, while it causes the s^aiation 
between peaks to increase (FIG. Ic). OptimaUy, the net motion hi the reverse direction is as 
small as possible, to delay reaching the origm-end of the capillary. Because of the reverse 
migration, care must be taken not to let any of the unanalyzed portion of the ladder migrate 
out of the ori^nal-proximal end of the cs^illaiy. 

Just after the first enhancemeat-stai^ ends, a second cycle b^^ with tiie second 
analyds-stage (FIG. Id). The second analysis-stage may perform a re-analysis of some of the 
DNA fiagments analyzed by the first analysis-stage. This re-analysis may be usefiil for 
mcreasing accuracy of analysis, as motioned above. Re-analysis is also usefiil for assembly 
of the data ftom neighboring analysis-stages of the various cycles. Photobleaching-induced 
reduction of peak height during tiie first analysis-stage can also be used to asast assembly, if 
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fluoresceace is used for detection. Photobleaching reveals tiie last peak analyzed during the 
previous analysis-stage. 

The analysis-enhancement cycle illustrated in FIG. 1 can be repeated. Both the 
analysis- and the enhancement-stages can be varied in lengfli. Sqiaiation between peaks can 
be increased indefinitely. Resolution may be proportianately increased if difiusion-induced 
peak-broadening does not occur. Thus, two significant requirements of cycUo electrophoresis 
are the foUowing: (a) a procedure must exist for mcreasing peak-sepaiation while the average 
DNA molecule undergoes a comparatively small net movement m the reverse directioiL That 
is to say, the peaks must undergo an e:q)anding, "accordion-like" movement and (b) the 
procedure for iuCTeasing peak-separation must work while either minimizing or, optimally, 
reversing peak-broadenmg. Both requirements are met by the techoiques of ttie present 
disclosure. 

From the beginning, both band and peak quafity were very promising during long- 
pulse ZIFE. Double-stranded DNA molecules form unusually sharp bands during inverted 
fiactionation by long-pulse ZIFE m an agarose gel. These bands are sharper than the bands 
formed during unmterrupted constant field agarose gel electrophoresis. Peaks ate also sharp 
after the use of long-pulse ZIFE-based enhancement-stages, during c^illaiy electrophoreas. 
These obsCTvations are important because most mettiods known to increase peak spacing 
during DNA sequencing (e.g., increasing the physical length of the capillary and lowering E) 
also result in diffusion-induced peak-broadening. The long-pulse ZIFE-based procedures 
incxease peak separations, b\it do not increase peak widths. 

Inverted DNA fiactionation is sometime obsaved, but only for a limited range of 
DNA lengflis, during constant field gel electrophoreas. However, a complete, systematic 
invsarted DNA fiactionation is prefenred for the enhanconent-stages of <q«>lic c^illary 
electrophoresis. Thus, the electrical field is varied during an OThancement-stage. 

Previous studies have urqaoved tiie fiactionation of DNA molecules by use of an 
electrical field fliat is varied in discrete pulses (pulsed field gel electrophoresis, or PFGE). 
However, ftactionations by the convaitional PFGE are usually not inverted. These 
fractionations are based on matching pulse times to a relaxation time of either the DNA 
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molecules, the gel or both. Nonetheless, PFGE both can be and has been used to achieve 
conq)letely inverted fractionations. The pulses used for inverted fractionation are longer than 
the previously-used relaxation-based pulses. Thus, these procedures of PFGE are called long- 
pulse procedures. 

To visualize how a long-pulse procedure works, imagine fliat DNA molecules at the 
origin of a gel are initially subjected to a pulse that has a comparatively high electrical field. 
Eh- The time of this piilse is tn. The DNA fragments migrate with conqjaratively poor 
separation, because of En-induced reptation (FIG. 2a). For illustration, FIG. 2a has assumed 
ahnost no resolution during the EH-pulse. Next, the electrical field is both lowered in 
magnitude CEO and inverted. The time of the EL-pulse is tL. The DNA molecules now 
migrate with much better separation because of flie lower electrical field. The net result of the 
two pulses is that the order of the DNA fragments is inverted, when viewed firom the origni 
(FIG. 2b). This pair of pulses can be repeated, so that the separation between peaks becomes 
progressively larger. The values of tn and t in FIG. 2 can be chosen to kcqp the shortest 
DNA molecules near the origin after a cycle is coinplete (FIG. 2c). 

Analysis of electrophoretic profiles may be a conq>lex process durmg cyclic 
electrophoresis in a slab geL However, this analysis is much simpler during c^illary 
electrophoresis because tiie sieving medium is not manipulated betweai analysis-stages. 
Cyclic capaiary electrophoresis of double-stranded DNA molecules has been used to increase 
the s^aration of peaks formed by double-stranded DNA fragments. The sieving medium 
may be an ungelled solution of polyma:. The concept is basically the same for c^illary 
electrophoreds as it is for gel electrophoresis. 

To achieve an inverted firactianation, attenq;yts ate made to avoid relaxati<m effects 
during the enhancement-stages of a cyclic capillary electrophoresis. To detenoine wheiha 
these attenq)ts are successful, tH is varied while keeping flie ratio, ta/tu constant Relaxation 
effects are negligible if and only if the fractionation does not significantly vary as ta varies. 
That is to say, absence of relaxation effects is equivalent to a fractionation that is indq>endait 
of the scale of pulse times. In practice, firactionation independent of the scale of pulse times is 
observed for long-pulse ZIFE during the agarose gel electrophoresis of double-stranded DNA 
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molecules. In contrast, significant dependence on the scale of pulse times is observed during 
c^illary electrophoresis of double-stranded DNA molecules in an ungelled solution of 
hydroxymethyl propyl cellulose. This dependence is found for tn values over 10 seconds 
when Eh=200 V/cm ands El=^0 V/cm. 

The resolution of DNA peaks unproves (a) as the separations between the peaks 
increase, and (b) as the peak widths decrease. A long-pulse ZIFE-based enhancement-stage 
increases the separation between peaks. The same peak can be analyzed both before and 
after an enhancemrat-stage of long-pulse ZIFB. 

Hie width of a DNA peak (1,500 base pairs) was measured both before and after 0, 1, 
2 and 3 CThancement stages of long-pulse ZSFE. Each enhancement-stage (Eif^OO V/cm, 
El=20 V/cm m 1.0% hydroxypropyl methyl cellulose) lasted 1.0 hr. The results were 0.44, 
0.50, 0.40 and 0.40, respectively. Peak widths were not mcreasing and Bppedxed to be slightly 
decreasing. 

Hi^ firequency periodic oscillations may cause the sharpening of peaks when these 
oscillations are superinqjosed on a constant field during the capillary electrophoresis of 
double-stranded DNA molecules. Also, long-pulse ZDFE has a band-sharpening effect whoa 
used during the agarose gel electrophoresis of doiible-strandcd DNA molecules. The cause of 
the sharpening effects of electrical field oscillations is not knowxL 

The following describes one embodiment of cyclic electrophoresis, as applied to DNA 
sequencing. Initially, the shortest DNA fi:ugments of a four-color DNA sequencing ladder are 
analyzed by constant field capillaiy electrophoresis. This initial part of the procedure is the 
same as the constant field analysis performed by conventional procedures. Tins initial 
analysis constitutes the first analysis-stage of a cyclic cq)illary electrophoresis. The forward 
direction is defined to be dkection of DNA motion in this analysis-stage, i.e., the direction 
defined by the DC constant field. 

The first analysis-stage continues until the DNA length-resolution is not sufficient for 
base-calling. Then, this constant field analysis-stage is stopped. Next, the first enhancement- 
stage is inserted. During this first enhancement-stage, the DNA ladder is driven in the reverse 
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direction by use of a pulsed field of long-pulse ZIFE. The pulsed field produces an inverted 
ftactionation. Thus, llie separation between DNA peaks increases, while the shortest 
unanalyzed DNA molecules move slowly away from the detector. This reverse-directed 
PFCE is illustrated in FIG. 2c ; the detector is indicated by "D". The peak spacmg is 
5 increased by inraeasing the effective length of the capillary. Care is taken so that the long 
DNA-end of the DNA sequendng ladder does not migrate out of the origin-end of the 
capillary. Finalty, the first eahancanait-stage is stopped. This coiiq)lete8 the first cycle. 

ITie second cycle starts with a second constant field-based analysis-stage. Typically, 
this second analysis-stage uses the same E that the first analysis-stage uses although that is 

LO not required. However, the analysis begins at a longa: DNA sequendng fragment This DNA 
sequencing fragment was near, but not m, in the zone of compression during the first analysis- 
stage. To overly the first two analysis-stages, this firagment is a fiagment that has ahready 
beoi analyzed. Tbe combination of both tiie first enhancement-stage and the second analysis- 
st^e resolves this DNA sequencing fiagment to the extent that it is distant from the zone of 

15 conipiession. Thus, as the second analysi&^tage continues, DNA sequencing firagments are 
anatyzed that were in the zone of conqoession during flie first analysis-stage. The second 
analyas-stage continues until flie resolution of the DNA sequencing ladder is not snfScient 
for base calling. Additional cycles are then added until some limitation oflier tiian resolution 
prevents accurate base calling. This limitation migiht be dther time or the intensity of flie 

20 fluorescence labeling of tiie longCT DNA sequencing fi»gments. Ultimately, the secjiences 
from the various analysis-stages are assembled. Overlying of analysis-stages can be used to 

assist assCTibly. 

To generate a pulsed field for cyclic electiwphoresis, pulses have been programmed by 
use of the following user-mtafece: (a) tiie interfece is organized in a series of windows. Each 

25 wmdow programs up to 10 pulses; electrical potential and time of each pulse are entered 
(rows 1 and 2, respectively of the window of HG. 3); (b) periodic oscillations (if any) are 
st^erin^osed on any of the 10 pulses. The type of oscillation is selected from a maiu (saw 
tooth, square wave, sme wave); the anq>litiide and frequency of a paiodic oscillation are 
entered (rows 3 and 4, respectively of tiie window of FIG. 3); (c) tiie total time of a window is 

30 entered (row 5. left of tiie window of FIG, 3); flie ecl^sed time of a window is displayed 
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during electroplioresis (top right of box at the lower right of the window of FIG. 3); (d) 
subsecpxeat windows are similarly programmed by clicking on a "SET WINDOW button 
(middle of row 5 in the window of FIG. 3); the number of loops through these windows is 
entered (row 6, left of the window of FIG. 3); the total time remaining for the current window 
is displayed (middle of the bottom of the box at the lower right in the window of HG. 3); (e) 
the program is started by cUckmg on a "START PROCESS" button (middle of row 7 of the 
window of FIG. 3); and (f) the program can be changed by clicking on a "CHANGE 
SETTING" button (middle of row 6 in the window of HG. 3). As the program is entered, the 
outcome is graphicaUy displayed (lower right of the window of FIG. 3). This display shows 
the input fliat is programmed. It is not a measurement The program displayed in FIG. 3 is a 
sinq>le long-pulse ZIFE. 

The software for generating windows was developed in the object-oriented 
programming language, LabView (National Instruments, Anstm, Texas). This software will 
run either in an IBM-compatible or in a Macmtosh environment. The digital output is 
converted to an analogue electrical potential by a digital-to-analogue converter (PCI-6111; 
National Instruments). The analogue potential (0-10 volts) is used as the input for an 
electrical potential-anq)lifier (Trek, Inc., Medina, New York). The amplifier multipUes this 
input by a fixed fector. This fector is 1,000 far oas smpU&& (Trek 10/lOB) that has been 
used; it is 2,000 for anotJier (Jtek 20/20B). The response time resolution rougjily 30 
microseconds. 

in the cuirait configuration, the computer-controlled power siqjply can drive 
electrophoresis only when the native power supply of the electrophoresis apparatus is 
connected to a resistive shunt The shunt must be used in order to prevent the apparatus from 
sensing an error and stopping all fimctions (inchidmg the analysis functions). The software 
and hardwaie may, in a different embodunent, integrate the amplifier into the apparatus so 
that tibe anqplifier is fbe only power supply for electrophoresis and the shunt is not needed. 
The Trek amplifiers are grounded. Safety precautions are stricter than they are with a floating 
power supply. 
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The program of FIG. 3 is a simple long-pulse ZIFE. Fractionations may be improved 
by embedding the following pulses within Ihe pulses of long-pulse ZIFE: (a) as discussed 
above, embedding high frequ«icy periodic pulses may shaipen peaks; and (b) embedding 
previously-developed, relaxation-based trains of pulses may increase the separations between 
peaks. The foUowing train of pulses is in the latter category, time-asymmetrical pulses 
produced by dwnge of sign, but not magnitude (called field inversion gel electrophoresis or 
HGE). The program of FIG. 4 is a more complex long-pulse ZIFE in which (a) high 
fiequenqr saw toofli oscillations are siq)erimposed on Eh, and (b) FIGE has replaced a 
constant El. For a more detafled description of the software embodiment of this invention, 
please reference the appea^x. 

Dynamic computer-modeling may be used for predicting the movonent of DNA 
peaks. Such a modeling may be used to estimate the optimal times and fields of tiie pulses of 
enhancement-stages. The optimal enhancement-stage may not always be based on a strict 
long-pulse ZIFE. Biasmg pulses m tiie EL-direction should become progressively mote 
productive as tiie DNA length increases. The reason is the following: the En-induced increase 
in the xr^sT^^^'' of ^ becomes greater as DNA. length mcreases. Thus, EL-biasing may be 
needed to keep the reverse migration fix>m being more i^id than optimal. 

Assembly of data fiom the various analysis-stages must be performed when cyclic 
electrophoresis is used. This assembly of data is not necessary if the analysis-stages are not 
separated form each other. Thus, separated analysis-stages introduce both additional efiBart 
and chance for assembly errors. Assembly can be achieved by analyzing the same peaks 
during each of two neighboring analysis-stages, i.e., by overlapping analysis. Photobleaching 
is not a problem for the second, overlq)ped analysis-stage, in tiie case of single-shaded DNA 
sequencmg fragments labeled with tiie four Bigdyes used for DNA sequencing vntii an 
AppUed Biosystems machine. In this case, photobleaching causes less than 25% immediate 
loss of signal doling analysis. Most of this loss recovers. 

Thus, overlapping analysis is feasible m Ihe case of DNA sequencing. The residual 
photobleaching may be used in determining flie last base analyzed during tiie previous 
analysis-stage. Trackmg of peaks during tiie enhancement-stage can assist in this process. 
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Thus, assembly of data can become a fairly complex process, and software may be used to 
simplify this process, as is shown in the art. 

Detection-correction of DNA sequencing errors may become increasingly in^ortant 
as genotype-phenolype correlation becomes a focus of research. In theory, detection of DNA 
sequencing errors can be enhanced by cycHc capiUaiy DNA sequencing. This is done by re- 
analysis of peaks after an intervening, error-flagging enhancement-stage is used. However, 
appropriate pulsing for an eiror-flagging enhancemeait-stage should be used. The following 
shows that appropriate pulsing may be developed: during electrophoresis in a gel. bnlge- 
containing DNA fragments can have a n that decreases in magnitude as the electrical field 
increases in magnitude. A fragment can be made to bulge either by binding protein or by 
partial denaturing, in the case of double-stranded DNA fragment. The reason for error- 
causing, out-of-position DNA sequencing fragments is, presumably, secondary structure 
produced by intramolecular base pairing. This secondary structure resembles bulging. 
Therefore, the field-response of the ji of a DNA sequencing fiagment may have enough 
6ep&a.6ieace on secondary structure to flag errors. 

The implementation of an error-flagging cycUc capillary electrophoresis may require 
more than one error-flaggmg algorithm. These algorithms may be embedded m feedback- 
activated software that detects possible problems while the sequence is being analyzed for flie 
first time. This is to say, cycUc c^illary DNA sequencing may become an exercise in 
informatics. 

Capillary electrophoresis of a DNA sequencing ladder is now routinely used to read 
nucleotide sequences that are 600-700 bases long, lbs lengfli of reading can be extended to 
1000-1300 by optimizing sample preparation-cleaning, c^illary diameter, polymer-based 
sieving matrix, conditions of electrophoresis (such as Ihe electrical field) and reading 
software. Reading of even longer nucleotide sequences is prevented by loss of resolution of 
the longer DNA fragments in a DNA sequencing ladder. This loss of resolution is caused 
primarily by peak broadening and secondarily by reduced peak spacing. 

Increasing the resolution of c^rillary DNA sequencing may be achieved by increasing 
the lengtti of the effective electrophoretic path, without increasing the physical length of the 

26 



capillary. Both detection and correction of errors may be achieved by reading the same DNA 
sequencing fragments more than once. Thus, the enhancement-stages of cycUc capillary 
electrophoresis may be used for eiror-flagging-correcting. as well as increase in resolution. 
An error-flagging event may be inserted between the two readings of the same DNA 
sequencing fragments. These concepts req>iire abandoning use of the uninterrupted constant 
electrical field mode that is currently used for DNA sequencing by capillary electrophoresis. 
That is to say, a custom-designed, variable (pulsed) electrical field may be used instead of a 
constant field. Although tedmiques described herein may ^ly pulsed fields in capillaries, 
the results are transferable to mictoarray electrophoresis. 

The inventor's laboratory has improved PFGE to increase the length of the effective 
path of double-stranded DNA molecules in an agarose geL This novel version of PFGE is 
effective for increasing DNA length-resolution. Hie same path-lengthening concept was 
successfiilly used to improve the length-resolution of double-stranded DNA molecules 
fractionated in an ungelled polymer solution contained in a capillary. The use of a pulsed 
field with cq)illary electrophoresis may be called PFCE. More recentiy, the same patii- 
lengthening concept of PFCE was successfiilly used to improve tiie DNA length-resolution of 
single-stranded DNA molecules in denaturing (sequencing) conditions. The supporting 
medium was an ungelled, entangled polymer solution contained in a c^iUary witiiin an 
Applied Biosystems 310 sqpparatus for c^Uary DNA sequencing. 

A strategy based on cycHc capillary electrophoresis may transmit improvements via 
file internet The software for improved pulsing-base calling can be sent from a data 
processing center, via tiie internet, to every worldwide-user who has compatible equipment 
fi)r electrophoresis. The additional equipment needed has a cost less tiian 20% of the cost of 
the c^illary electrophoresis apparatus. Thus, a cycUc capillary electrophoresis-based strategy 
overcomes the first limitation above. That is to say, cycUc c^illary electrophoresis is a 
paradigmrshifting procedure that diould play a role for DNA sequencing similar to tiie role 
that PFGE plays for separating large double-stranded DNA molecules. 

A cycUc c^illary electrophoresis-based strategy may also provide a platform for 
overcoming the other limitations. As tiie database used for cycHc DNA sequencing grows, 
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the new data typically suggests new ways to improve resolution of DNA sequencing 
fiagments. Thus, systematic, progressive improvement in procedures is e:q)ected in the case 
of DNA sequencing by cyclic c£^illaty electrophoresis. Finally, a cyclic, PFCE-based 
strategy may both detect and correct errors in the reading of the nucleotide sequence. 

The B-induced loss of DNA length-resolution is caused by £-iaduced orientation and 
stretching of a DNA molecule. After orientation, an elongated DNA molecule migrates end- 
first during electrophoresis througfh the fibrous network of a gel. This process is called biased 
reptation because of the analogy to snake-like movement. Detailed theory has described the 
process of biased reptation and molecular orientation. Briefly, molecular orientation causes 
loss of resolution because the resistance to motion becomes roughly proportional to the length 
of a DNA molecule, if the DNA molecule is oriented by the electrical field. Of course, the 
electrostatic force is also proportional to DNA length. Thus, flie electrophoretic mobility Qi; 
=velocity/E) becomes independent of DNA length at any given E that has a magnitude high 
enough to molecular orientatioiL 

Tlie hardware-software fi>r cyclic capillary electrophoresis may be added, without 
great cost, to any current device for capillary DNA sequencing. Advances in cyclic ciqpillary 
electrophoresis may be both continuous and intemet-commumcaible. Error detection- 
correction may be integrated into cyclic capillary DNA sequencing. These are all m^or 
advantages. 

The particular material selected for the separating medium used in electrophoresis is 
not essential to the invention, as long as it provides the described fimction* Particularly in one 
embodiment, this fimction may involve behavior that translates into a mobility vs. DNA 
lengtii plot that varies with the applied field. The slope of the plot may be steeper as tiie field 
becomes lower in magnitude in this particular embodiment One practical limitation in 
selecting the material is the apparent instability of the sieving characteristics of commercial 
polymers. Normally, those who make or use the invention will select the best commercially 
available matCTal based rxpoa fbe economics of cost and availability, tiie expected application 
requirements of the final product, and the demands of the overall manu&cturing process. 
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Practical Applications of flie Invention 

Practical applications of the invaition fliat have value within flie technological arts ate 
DNA sequendng, resohition restriction endonudease analysis, and high resolution VNTR 
analysis. The latter two analyses are performed with double-stranded DNA. Hiey are used 
5 for the rapid typing of pathogenic bacteria, among o&er organisms. There are virtually 
innumerable additional uses for the invention, all of v*ich need not be detailed hece since 
they wDl be apparent to those having skill in the art, with the benefit of this disclosure. 

Advantages of the Invention 

Embodiments described in this disclosure have several advantages, (i) The separation 
10 (and resohition) of bands (peaks) is progressively improved, without lengthening the 
Q separating medium, (ii) The resolution of bands (peaks) may be increased without known 

limit Tlie speed of achieving any given level of resohition may be mcreased by the reduction 
of band broadening effects of usmg long-pulse ZIFE. Detection sensitivity may be the 
§ practical limit for some DNA ladders, (iii) Anomalous effects (band mversions, for example) 

15 may be detectable by comparing results of one stage of electrophoresis with the results of 
© anoth«. Band mversions and possibly other anomalies may be removable by adjusting the 

^ pulsmg. (iv) Eiror correction of fteana^ may be possible, (v) Continuous preparative 

W fractionation mmf be possible, (vi) Resohition would also be hnproved for a latchet-based 

ni fractionation that is not qrcUcaL Because the ji vs. E relatiooship for smgle-stranded DNA 

20 has the form ofdie^ vs. E relationship for double-stranded DNA, these advantages niay apply 
to optimization of the reading of DNA sequencing ladders. 

The individual componeats of this disclosure need not be formed m the disclosed 
configurations, but could be provided in virtually any configuration. 

Further, homologous replacanents may be substituted for the substances described 
25 herdn. Further, agents which are both chemically and physiologjcaUy related may be 
substituted for the agents described herein where the same or sunilar results would be 
achieved. 
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It will be manifest that various substitutions, modifications, additions and/or 
rearrangements of the features of the invention may be made without deviating firam the spint 
and/or scope of the underlying inventive concept It is deemed that the spkit and/or scope of 
the underlying inventive concept as defined by the fended claims and their equivalents 
cover all such substitutions, modifications, additions and/or rearrangements. 
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1. Overview 



1.1. Front Panel 




(5) (6) (9) 



Figure 1. Front Panel 



(V) Input Volts to TREK: A user can program a series often different voltages per ^dow 
using the control boxes VI to VIO. This group of voltage is the actual oijmt from the DAQ 
boai ^ch is the ii5>ut of the TREK anqjlifier. The maximum magmtude of each voltage is 
+10 vohs and the Tnitiimmn is —10 volts. 

(2) Time duration: Users can select the unit of the time between millisecond or sewnd by 
moving the selector switch (betweeu 1 and 2) to msec or sec, respectively. The defeidt is m 
milliseconds. Each of the ten control boxes, e.g. Tl, T2 contains the time duration of the 
corresponding laprst Volts to TREK. 

(3) Superimposed Signal: There are two types of superimposed signal. They are the saw tooth 
we (square wave) and the sme wave. The default is the saw tooth wave The sine wave or 
saw tooi will be added on top of the signal of Input Volts to TREK. Each corrtrol box 
corresponds to the control boxes m Volts and Tune duration. Users can conttol both 
magnitude and the frequency of superimposed signal for eadi control box. Then: umts are 
millivolts and Hertz, respectively. 

(4) Process Duration: This sets the time duration of the process. The program will iterate until 
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A the time duration has elapsed. If the time is zero and the user attempts to run the program, an 

error message will be displayed and the process will stop. 

(S\ Set Window: By cUcldng this button after all the desired values are detenmned, for each 
successive window out of flie ten windows in total, a user will see a pop "^^Z^J^Z 
the setting of all the values into a datalog file. The file name is already given m the popiy 
window i windowLdat. window2.dat, and up to windowl0.dat, but users can^«)se j^y ffle 
names they like. The user should be careful not to overwrite a previously saved m& &e 
same name. To avoid tiiis problem, it is recommended to create a new directoiy with a nmne 
that represents the experiment, and store all the series of wmdows m the ^^^-^'jf^ 
the ^Jific set of windows gave a satisfactory result for an expenment, the user can reuse tiie 
settings by clicking button number (6) or (9). 

(6) Change Setting: After saving a window, a user can go back to ^ 
S the vlies, and save the window again by cUcking the change settmg button. A detailed 
eacplanation about flie CSiange Setting panel is in flie following section. 

m (7) Number of Loops: A series of window settings wifl iterate fi^rai wmdow ^ 

S U window accorLg to fee mmber in the Number of Loops. The user must be aware 1^ 

this number does not represent an iteration nnmber for a specific wmdow but for all tiie 

windows in a series. 

© (8) Total Number of Windows: This feature is usefid when a user wants to reuse previous 

^ wLjows and knows the number of total windows that were used. The defeult value is zero. 

i (9) Start Process: Tliis button is used to start the process after aU the valu^ described ^ove 

S Sve been detemuned and saved. Tbis will read all of the values from the files m a direct^ 

m When the Total Number of Wmdows is «ie defeult value zero, fee program will request o^y 

m fee files that are saved ferough fee Set Window button after fee program If ^^^tartei K the 

m number in Total Number of Windows is not zero, feen fee program wiU need that number ot 

rU specified wmdows. The program will not proceed until it reads all of fee wmdows.. 

(10) On/Off: This displays fee status of output generation from fee DAQ board. A pause of 
one hundred milliseconds occurs between windows during execution. This wiU appear as a 
flickering of fee Qn/OflFmdicstor. 

(11) Time Left Tliis displays the time that is left to finish fee process. 

(12) Date & Thne: This displays fee date and time of fee current system vrfrile fee program is 



executing. 



(13) Signal Frequency: This displays fee firequencies of fee ten hq)ut voltages as^ array, ^e 
left bokthat has arrows represents fee index of fee input voltage 

displays fee frequency of fee corresponding input voltage A user cm adjust the fr^^ 
by diiigmg ^time duration of fee iiq>ut voltages. The displayed frequency changes when 
fhe user changes the time duration. 
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(14) Loops Left: This displays the number of the loops lemainmg. Zero is flie last loop. 

(15) Total/Cunent Window: This displays flie total number of windows and the current 
window number. 

(16) STOP: The execution of the program wiU be aborted whenever the STOP button is 
messed. The STOP button will stop the execution of the DAQ board so fliat there will be no 
output from fee board. This stop button is difGsrent from the LabVIEW stop button wi the 
upper left comer. The LabVIEW stop button will not give a stop command to the DAQ board, 
and the output signal from the board will be continuously generated until the computer power 
has been turned ofFor the SequePulse STOP command has been executed. 

(17) Wavefoim Graph: This grq>hically displays the waveform gaierated by the DAQ board. 
It also displays an alert, when the mstrument safely locks have been triggered and there is a 
potential M^-voltage risk.. 



\ 
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12. Change Setting Panel 

The Change Setting panel b used to modify the values that are saved in the datalog 
files, and vnH be opened wh«i the Change Setting button on the fr^t panel is gessed. 
The Change Setting panel can also be opened to modify values m the datalog ffles via 
the readwtite.vi. 




Figure 2. Change Setting Panel 

(1) Window Number: The number in this control specifies the window numba: that starts 
fiom one to ten. The corresponding window wiU be open to read or write the values. 

(2) READ: When the READ button is pressed, a pop up window will show up with Ije 
default path and filenames. Choose a file and click on the filename to open. The 
values inihe file wffl be displayed on tiie conespondmg control boxes. 

(3) WRITE- After changes on the necessary values are made, clicking WRITE button vdll 
save the new values on the file. A popup window will show^ to make surefte 
directory and the filename are correct The new values will be displayed on the fiont 
panel as well afier the file is saved. 

(4) Done: A user can repeat read and write as many times as he or she wants. To finish 
this panel and to go back to the fi»nt panel. cUck Done button. It will automaticaUy 
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close this Change Setting panel and return to the fiont panel if this panel was open 
throu^ tfie Change Setting button on the fiont paneL Otherwise it will icmam open 
and st(^ this VL 

(5), (6), (7), (8), (9), (10) will display the values whaa a file is open, and also can be nsed 
S input to diaie values. Hie fimction and meaning of each value are descnbed m 
section 2.1. 
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I. EXAMPLE: 

This is a stq) by step exan^le of oreating wavefiams firam Seque Pulse ftont paneL 

(1) Open the front panel of Seque Pulse by t^ening sequepulse4.7.vi ffle as shown below. 
Then click the Run anow on the application. 



ii SO I n 



'■AfEE] pool gnsr*' EgH 

.mgoH ig<n ggpo"^ Boon 


UM fin 

Naznlter or Loops 











!© 



ftfts> SDcr ^ 



(2) Typ e in the values or use the arrows in the control boxes. The values and functions are 
described earlier. 
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(3) Press the SET WINDOWl button. A user can see &e fireqaenci^ of pulsM iiqratted at 
the Input Volts to TREK in ihe Signal Freq feature. At ttiis time a user can adjust the 
frequencies of pulses and superimposed signaL The frequencies will change 
simultaneously as values in Time Duration are changed. After makmg sure that all the 
values are conect, save this window to a file wmdowLdat by presang SAVE 
WINDOWl. 




(4) A popup window will sppeeac as shown below. Make sure that ihe saving directory 
the path is conecL If a new directory is desired, a user may do so and save the ffle 
under the directory. 
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(5) A user can make additional windows by repeating st^s 2 to 4, or start the^OMS by 
clicldng START PROCESS. A popvq) window wiU open to accept vahies firam file 

windowLdat ffle. The process will start after dicldng Qpeo. 




(6) While the SequePulse program is running, the output of the DAQ ^oa^ifj;5>i^ ^ 
shown below. If the process has to be aborted at any time, just cUck the STOP button. 
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^ft^SfSequ^ is running by oUcldng the Ctam^ 



independeatly. 



(1) The Change Setting Panel is shown below, and its detailed description is in section 1 .2. 




(2)Toteadaffle, set the value of window nnniber, and thencUck the MAD bu^^ 

^owwiUsbowupwithadefeultpalhorapathtimtwasop^i«^^ 

program. Make sure the directory and the path are correct, and then elide open. 
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(3) The values in windowl .dat file have been read and displayed as shown below. Make 
desired changes in the values and click WRITE to save the values in the file. In this example, 
tile superimposed signal has been changed firom saw tooth to sine wave. After all ttie changes 
have been saved, click DONE. This panel will be automatically closed and the firont panel of 
Seque Pulse returned to. 




(4) After coming back from the Change Setting panel and clickmg Start Process, the 
superinq>osed signal is now a sine wave. Compare to Figure 3.6. 




detection 



If the access door to the electrophoiesis unit is open, the Seque Pulse will automatically 
stop fbs process and display a warning message as shown in Figure 5^. 
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CLAIMS 

What is claimed is: 

1. A method of creating an electrical field-rectifymg fractionation-ratchet, comprising: 
obtaining a fractionated particle having an electrophoretic mobility that varies when an 

electric field varies; 

applying a pulsed electrical field to the fiactionated particle; and 
varying a plurality of pulses of the electrical field repeatedly. 

2. The method of claim 1, wherein the electrical field-rectifying firactionation ratchet is 
dependent upon thermal motion. 

3. The method of claim 1, wherem the ftactionated particle possesses an instantaneous 
response to the plurality of pulses of the electric field. 

4. The method of claim 1, whereui the pulsed electrical field comprises one or more 
pulses that reverse a polarity of the electrical field and change a magnitude of the electric 
field. 

5. The method of claim 1 , wherein the pulsed electrical field comprises a square pulse 
having amagnitude Eh that lasts for atime tn. 

6. The method of claim 5, wherein the square pulse is followed by a secoxid square pulse 
of a lower magnitude Bl and a longer time tL. 

7. The method of claim 6, wherein the square pulse followed by the second square pulse 
is serially repeated in an oscillatory feshion. 

8. A computer program, comprising computer or machine readable program elements 
translatable for in^lementing tiiie method of claim 1 . 

9. An apparatus for performing the method of claim 1 . 

10. An electronic media, comprising a program for performing the method of claim 1. 
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1 1 . An apparatus, comprising the electronic media of claim 10, 

12. A pxocess, comprising udli2±ag fhe s^aiatas of claim 11. 

13. A method of preparative gel electrophoresis, comprising utilizing a continuous 
fractionation method comprising use of an electrophoretic ratchet-generating field. 

14. The method of claim 13, wherein the continuous fractionation method comprises: 
repeatedly loading a saxrple at a location in a gel; and 

continuously collecting each fraction at a difTerent location. 

15. The method of claim 14, fifffher comprising placing abarrier at both ends of a lane 
used to fractionate the sample. 

16. The method of claim 15, wherein the barrier comprises a gel with a pore size 
sufELciently small to prevent fhe sample from entering the gel* 

17. The method of claim 14, wherein loading a sample at the location in the gel comprises 
loading the sample in one san^le well only. 

18. The method of claim 14, wherein each fraction is collected either at a barrier in an Ife 
direction or at a barrier in an El direction. 

19. The method of claim 14, \f4ierein a continuum of fractions is generated by changing an 
angle separating an Eh pulse and an El pulse. 

20. The method of claim 19, i?rfierdn the angle is made less than n radians. 

21. The method of claim 20, wherein the angle is achieved by electronic means. 

22. The method of claim 20, wherein the angle is achieved tinroug^ rotation of a circular 
geL 

23. The method of claim 19, wherein a magnitude of tixe Eh pulse and a magnitude of the 
El pulse are unequal 
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24. The method of claim 14, wherein the sanq[)le con^rises a plurality of protein-free 
DNA molecules. 

25. The method of 24, wherem an electnq)horetic mobility of the plurality of protein-fiee 
DNA molecules increases as the electric field increases. 

26. The method of claim 14, wherein the sample conq)rises aplurality of DNA-protein 
complexes. 

27. The method of claim 26, wherein an electrophoretic mobility of the plurality of DNA- 
protein complexes decreases as the electric field increases. 

28. A computer program, conq>iising coirputer or machine readable program elements 
translatable for implementing the method of claim 13. 

29. An apparatus for performing the method of claim 13. 

30. An electronic media, comprising a program for performing the method of claim 13. 

31. An £Q)paiatus, conq>rising the electronic media of claim 30. 

32. Aprocess, compiising utilizing the apparatus of claim 31. 

33. A method of implementing cyclic electrophoresis, comprisiag: 
analyzing a sample by constant field electrophoresis; and 
fmhmM-ng the Sample by an electrophoretic ratchet. 

34. The method of claim 33, wherein the enhancement intern5>ts analysis when the 
analysis indicates a probability of an error. 

35. The method of claim 33, wherdn the enhancement causes a migration of the sample in 
an opposite direction. 

36. The method of claim 33, wherein title enhancement causes an increase in a separation 
between a plurality of bands of the sample. 
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37. The method of claim 33, wherein a tH is varied while keeping aratio WtL constant to 
avoid relaxation efBscts during the enhancement 

38. The method of claim 33, wherem the enhancement causes a shaipenmg of a plnraKty 
of bands of the sample. 

39. The method of claim 33, wherein the enhancement causes the sample to migrate over 
an indefinite effective length. 

40. The method of claim 33, wherein the analysis and the enhancement are repeated. 

41. A computer program, comprising computer or machine readaible program elements 
translatable for implementing the method of claim 33. 

42. An s^aratus for performing the method of claim 33. 

43. An electronic media, comprising a program for performing tiie method of claim 33- 

44. An apparatus, comprishig the electronic media of claim 30. 

45. A process, comprising utilizmg the ^aratus of claim 31. 

46. A method of error checking during cycUc electrophoresis comprising: 
analy2ang a sample by constant field electrophoresis; 

checking for errors in the sample; and 

enhancing the sample by an electrophoretic ratohet 

47. The method of claim 46, further comprising analyzmg the sample after enhancing the 
sample. 

48. The method of claim 46, wh^em the method is repeated. 

49. A computer program, con5)rising computer or macWne readable program elements 
translatable for implementing the method of claim 46. 



50. An apparatus for performing the method of claim 46. 

51. An electronic media, conqmsing a program for performing the method of claim 46. 

52. An iQyparatus, comqpiising the electronic media of claim 51 . 

53. A process, conq>iising utilizing the apparatus of claim 52. 

54. A method of creating a field-rectifying fractionation-ratohet, con^riang: 
obtaining a fractionated particle having an electrophoretic mobility that varies whai a 

field varies; 

^plying a pulsed field to the fractionated particle; and 
gl varying a plurality of pulses of the field repeatedly. 

}^ 55. The method of claim 54, wherdn the field-rectifying fractionation ratchet is depoident 

1^ Upon thermal motion. 

2 56. The method of claim 54, wherem the fractionated particle possesses an instantaneous 

re^nse to the plurality of pulses of the field. 

K 57. The method of claim 54, wherein the pulsed field comprises one or more pulses that 

2 reveise a direction of the field and change a magnitude of tiie field. 

58. The method ofclahn 54, wherem the pulsed field comprises a square pulse h^ 
Eh that lasts for atime tn- 

59. The method of claim 58, wherein the square pulse is followed by a second square 
pulse having a lower ntiagnitude El and longer time tL- 

60. The method of claim 59. wherein the square pulse followed by the second square pulse 
is serially repeated in an oscillatory fashion. 

61. A computer program, conq)rising computer or machme readable program elements 
translatable for implementing the method of claim 54. 
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62. An apparatus for performing the method of claim 54. 

63. An electronic media, comprising a program for performing the method of claim 

64. An apparatus, con^rising the electronic media of claim 63. 

65. A process, comprising utilizing the apparatus of claim 64. 
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ABSTRACT OF THE DISCLOSURE 
Systems and methods for improving the resolution of macromolecules during 
electrophoresis. A mefiiod of creating an electrical field-recti^g fractionation-ratchet 
includes obtaining a fractionated particle ttiat has an electrophoretic mobiUty fliat varies when 
an electric field varies, applying a pulsed electrical field to the fractionated particle, and 
varying a pkiraHty of pulses of the electrical field repeatedly. Another mettiod mcludes 
preparative gel electrophoresis that utilizes a continuous fractionation method made possible 
by an electrophoretic ratchet-generating field. Another method includes inq)lementingcychc 
electrophoresis includmg analyzing a sample by constant field electrophoresis; and enhancing 
&e sample by an electrophoretic raftsheL Another method inchides error checking during 
cycUc electrophoresis con^rising: analyzing a sanq»le by constant field electrophoresis; 
checking for errors m the san^le; and enhancing flie sample by an electrophoretic ratdiet 
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